ABSTRACT: Atmospheric dust is an important climatic agent as well as a valuable climatic archive. This study documents systematic variations in a single Upper Pennsylvanian, shallow-water carbonate buildup of the Midland Basin (West Texas) that was isolated from fluvio-deltaic input and consists almost entirely of carbonate bounded by sequence boundaries. Thin (0.02 to 1 m) intervals of dark, pyritic, siliciclastic mudrock with subtle pedogenic features occur commonly at the sequence boundaries, and are interpreted as loessite deposited during lowstands, primarily on the basis of paleogeographic isolation of the buildup. The silicate mineral fraction (SMF) extracted from the underlying carbonate, which includes quartz, clay, and trace feldspars and heavy minerals, varies in concentration (weight %) from 0.015% to 6.69% in the carbonate. This SMF contains both fine-grained detrital and authigenic silica interpreted to be eolian on the basis of geochemical, petrographic, and grain-size characteristics as well as paleogeography; hence, the SMF is considered a proxy for atmospheric dust. Whole-rock geochemistry suggests that the dust was at least partly derived from uplifts of the Ancestral Rocky Mountains with a possible minor contribution from active volcanic centers located to the (present day) south and southwest. The estimated mean accumulation rate (MAR) of dust in highstand carbonate facies (full interglacial) relative to carbonate facies that formed during relative fall in sea level suggest that dust flux increased 4 to 10 times accompanying the transition to glacial conditions. MARs in the siliciclastic mudrock, which accumulated at lowstand (full glacial) to incipient transgression, suggest glacial-phase increases in dust flux of nearly 400 to 4000 times relative to full interglacial conditions. Spectral analyses of dust abundance through the study section show variations consistent with Milankovitch forcing.
INTRODUCTION
In the late Cenozoic, eolian dust preserved in both the continental (i.e., loess) and marine realms is recognized as a high-resolution climatic archive (Rea and Bloomstine 1986; Porter and An 1995; Rea et al. 1998; Muhs and Bettis 2000; Stevens et al. 2006) . Dust is also an agent of climate change through its direct and indirect effects on radiative forcing (Houghton 2004) and biogeochemical cycles (Jickells et al. 2005; Mahowald et al. 1999; Mahowald et al. 2006) . Late Cenozoic records show that atmospheric dust concentrations varied during glacials and interglacials at frequencies consistent with Milankovitch-and sub-Milankovitch-scale cyclicity (Rea 1994; Muhs and Bettis 2003) . Relative to the Holocene, dust flux increased by an estimated 2 to 20 times during the Last Glacial Maximum , 20,000 yrs ago (Marino et al. 2005; Anderson et al. 2006) , probably owing to increased wind strength, aridity, and potential dust source area (Mahowald et al. 1999; Mahowald et al. 2006) .
The late Paleozoic was also a time of repeated large-scale glaciations. (Isbell et al. 2003; Jones and Fielding 2004; Fielding et al. 2008) . The late Paleozoic Gondwanan glaciations were accompanied by high-magnitude and high-frequency glacio-eustatic fluctuations (Soreghan and Giles 1999) , producing the classic cyclothems in the rock record (Wanless and Shepard 1936; Heckel 1986 ). Glacial-interglacial scale higher-frequency climate change drove and accompanied the glacioeustasy (e.g. , Cecil 1990; Soreghan 1994a Soreghan , 1994b Rankey 1997; Olszewski and Patzkowsky 2003) , and both models and data suggest that global circulation evolved from dominantly zonal to increasingly monsoonal from Middle Pennsylvanian to Early Permian time (Parrish 1982 (Parrish , 1993 Gibbs 2002; M. Soreghan et al. 2002; . In contrast to the late Cenozoic, the late Paleozoic glaciations were accompanied by widespread distribution of tropical loess (dust) deposits, possibly owing to widespread upland ice in low latitudes (G. Soreghan et al. 2008a; G. Soreghan et al. 2008b) , although this remains controversial.
In western equatorial Pangea, dust deposits occur as massive and pedogenically altered siltstone or loessite and as marine silty units intercalated with carbonate shelf and mound systems deposited in areas isolated from fluvio-deltaic input (G. Soreghan et al. 2008a and references therein). Studies from these continental loess-paleosol couplets (G. Kessler et al. 2001; Tramp et al. 2004 ) and marine strata ) reveal a glacial-interglacial scale fluctuation of dust influx. Despite its widespread distribution and known importance in the climate system, climate models of the late Paleozoic (Crowley and Baum 1992; Poulsen et al. 2007 ) have yet to incorporate the influence of dust as a climate forcing agent, primarily owing to poor constraints on the timing and character of dust fluctuations.
This study examines the hypothesis that atmospheric dust flux varied at glacial-interglacial and higher-frequency scales in the late Pennsylvanian tropics and assesses the magnitudes and possible forcings of dust variations. The data documented here illustrate systematic fluctuations in timing, amount, and character (mineralogy, grain size) of dust through a single glacial-interglacial cycle that appear to reflect Milankovitch-scale (primarily , 10 5 yr) variations in atmospheric circulation. In addition to shedding light on atmospheric circulation through glacial-interglacial shifts in equatorial Pangea, these results show large variations in atmospheric dust loading between glacial and interglacial times. Given the potential direct and indirect effects of atmospheric dust, such large variations likely impacted climate and the biosphere, and provide constraints to test such impacts in future modeling efforts.
GEOLOGICAL SETTING
The Midland Basin of West Texas, U.S.A, formed as a result of the collision between Gondwana and Laurentia during the Early Pennsylvanian when uplift of the Central Basin Platform separated the precursor Tobosa Basin into the Midland (east) and Delaware (west) basins . Tectonic activity continued through the Pennsylvanian, diminishing by the Late Permian. The Midland Basin remained equatorial (, 10u N) throughout the late Paleozoic (Walker et al. 1995; Scotese 2001) , which favored the formation of broad carbonate shelves along the basin margin and isolated buildups in the basin interior ( Fig. 1A ; Frenzel et al. 1988) .
The suite of complex buildups in the interior Midland Basin termed the ''Horseshoe Atoll'' lies above relatively flat-lying lower Pennsylvanian platform carbonates. The ''atoll'' consists of a series of Desmoinesian to Wolfcampian phylloid-algal buildups up to 915 m thick (Myers et al. 1956; Stafford 1959; Vest 1970; Schatzinger 1988) buried by lower Permian siliciclastic strata. The Horseshoe Atoll now lies at a depth of , 1830 m and is one of the most prolific petroleum producers of the Permian Basin (Vest 1970) .
The Reinecke Field is a pinnacle-shaped phylloid-algal buildup in the southern Horseshoe Atoll with a morphology that reflects differential carbonate growth modified by exposure and by marine erosion during drowning (Saller et al. 2004 ). The Reinecke Field contains part of the Canyon (Missourian), Cisco (Virgilian), and Wolfcamp (Wolfcampian) series with four main sequences , 18 to 24 m thick that are separated by subaerial exposure surfaces. These sequence boundaries were designated 100, 200, 300, and 400 by Saller et al. (1999b) (Fig. 1B, C) . The middle Virgilian strata consist predominantly of non-cherty limestone and dolostone with , 1% siliciclastic mudrock, which is commonly found at sequence boundaries (Saller et al. 1999b) . The interval between exposure surfaces 400 and 100 is middle Virgilian in age (VC-2 of Wilde 1990; Saller 1999) ; the lower and upper Virgilian strata are absent. The interval of interest for this study is an , 27-m-thick, middle Virgilian (Gzhelian) interval containing SB 300 and 200 of Saller et al. (1999b) .
METHODS
Data were collected from a continuous, air-drilled core recovered from Reinecke # 266 located in Borden County, Texas (Fig. 1A, C) . The target middle Virgilian sequence was described at centimeter scale and systematically sampled for petrography, weight percent of extracted silicate mineral fraction, clay mineralogy, and geochemistry. To assess the mass of the silicate mineral fraction (SMF), , 50 g samples were collected at 5 to 10 cm intervals, with tighter spacing around sequence boundaries, for a total of 315 samples. Stylolites occur locally, and were avoided in sampling. To extract the SMF, samples were (1) treated with hydrochloric acid (HCl) to eliminate carbonate, (2) combusted at 500u C for , 14 hours to oxidize pyrite and remove organic matter, and (3) treated with citrate-bicarbonate-dithionite (CBD) to remove iron oxides ( Fig. 2 ; Sur et al. 2010) . Sample splits of pristine core material were used to assess clay mineralogy using XRD and major-and minor-element geochemistry using inductively coupled plasma mass spectroscopy (ICP-MS). For the XRD analysis, samples were subjected to gentle carbonate dissolution in 0.3 M acetic acid and clay-size residue was then extracted by the settling tube-decantation method (Folk 1974) . Reflected-light petrography of 45 thin sections, scanning electron microscopy (SEM), and microprobe analyses were also conducted to better understand the nature and origin of the SMF.
Spectral analyses on SMF data were performed using Analyseries, version 2.0.4 (Paillard et al. 1996) to assess the possible presence of Milankovitch orbital-scale (eccentricity, obliquity, precession) cyclicity in the SMF data. Detailed methodology for this analysis is described in a later section.
CYCLOSTRATIGRAPHY AND DEPOSITIONAL FACIES
Strata of Virgilian (Gzhelian) age in the Reinecke Field are predominantly carbonate and, like other Pennsylvanian strata from this region (Saller et al. 1999a; Yang and Kominz 2003) , are arranged in facies successions varying from 15 to 30 m thick and bounded by subaerial exposure surfaces (sequence boundaries). These exposure surfaces are identified by the presence of fractures, inferred root traces, calcrete layers, brecciation, and negative excursions of bulk-rock stable carbon and oxygen isotope ratios (Saller et al. 2004; Dickson and Saller 2006) . Some sequence boundaries have a thin interval of dark mudrock juxtaposed between the subjacent exposure surface and superjacent shallow-water grainstone (bioclastic, foram/algal) facies. Where the mudrock is absent, the sequence begins with shallow-water grainstone to packstone which yields to deeper-water wackestone succeeded by phylloid-algal boundstone and ultimately capped by shallow-water grainstone (Saller et al. 1999b; Saller et al. 2004 ) Saller et al. (2004) inferred that each major sequence in the Reinecke Field represents a transgressive-regressive cycle. Furthermore, subtidal facies in the sequences are capped by subaerial exposure surfaces, with expected intermediate facies (e.g., peritidal) missing. Such abrupt variations are consistent with relatively rapid sea-level change (Soreghan and Dickinson 1994) characteristic of carbonates formed during periods of glacio-eustasy (Goldhammer et al. 1991; Soreghan 1994b; Read 1995) .
Seven major depositional facies were evident from the analysis of core slabs and thin sections (Table 1; Figs. 3A-G, 4A-G). Figure 5A shows the measured section log with all facies. Only the dark mudrock facies is described below in detail, inasmuch as the other facies are described by Saller (1999) . A fabric-destructive dolomitized interval that records deepburial diagenesis (Saller 1999) occurs near the middle of the studied interval.
The dark mudrock facies is a non-fissile siliciclastic mudstone 0.37 m thick that occurs at the base of the studied sequence with a sharp contact. The mudrock facies is generally dark gray to greenish (Munsell N4 to 5G 4/ 1), lacks macrosopic bedding and fauna, and contains 3 to 20% carbonate. In thin section, downwardly bifurcating traces that are inferred to be roots, randomly oriented slickensides, clay cutans, rare carbonate nodules with circumgranular cracks, and bright clay fabric (sepic plasmic fabric) are present (Sur 2009 ). Scattered pyrite is also present.
The mudrock is interpreted as a paleosol, on the basis of the pedogenic features visible in this section; this is also consistent with its stratigraphic position directly atop carbonate exhibiting calcrete development. The presence of the pyrite is the result of postdepositional marine transgression (cf. Wright 1986) . Overall, the dark mudrock, invariably associated with sequence boundaries, is interpreted to record pedogenesis of a fine-grained siliciclastic deposit, and subsequent transgression. The origin of the mudrock is further examined in a later section.
SEDIMENTOLOGY AND STRATIGRAPHIC DISTRIBUTION OF THE SMF
Petrographic study (binocular, SEM, microprobe) of the SMF of the Reinecke mudrocks reveal that quartz and clay (illite) are the dominant components, followed by muscovite, potassium feldspar, plagioclase feldspar, zircon, and biotite, in decreasing abundance. Most of the quartz is subrounded to subangular; some exhibit clay coatings or pitted surface textures. Very angular, vitreous quartz also occurs (Fig. 6A) . Grain-size analyses of the total SMF reveals mean, median, and modal sizes of , 6 mm, , 5.5 mm, and , 5 mm respectively (Fig. 5C, D, E) . The claysize fraction, the very fine to medium silt-size fraction, the coarse silt fraction, and the sand-size fraction constitute , 43%, , 46%, , 7%, and , 3% of the total SMF, respectively.
Petrographic study of the SMF from the carbonate facies reveals quartz as the dominant component, followed by clay (illite), muscovite, plagioclase feldspar, hornblende, and heavy minerals (rutile, tourmaline, magnesian chromite), in decreasing abundance. In contrast to that of the mudrock facies, quartz in the SMF of the carbonate facies occurs as both doubly terminated euhedral crystals (Fig. 6B ) and as rounded to subangular grains exhibiting pitted to fractured surface textures (Fig. 6C) . The doubly terminated quartz constitutes , 95% (visual qualitative estimate) of the total quartz fraction in the SMF of the carbonate facies and exhibits various size ranges. Silicified fossil fragments or chert also occur but are very rare. The SMF was sieved (through 63 mm) and examined to eliminate any chertified fraction (Sur et al. 2010 ). More than 90% of the SMF is of silt size. The grain-size analyses of the total SMF reveals mean, median, and modal sizes of , 18.75 mm, , 25.54 mm, and , 31.3 mm respectively, and the grain-size distribution is fine-skewed (Fig. 5C, D, E) . The SMF of the carbonate facies also contains very angular, vitreous sand-size quartz grains exhibiting conchoidally fractured surface textures (Fig. 6D) . Out of a total of . 300 carbonate samples processed (representing . 15 kg of starting material), there were only three grains of sand-size biogenic silica (probable radiolaria and dinoflagellates) (Fig. 6E, F) . Plagioclase feldspar, hornblende, and heavy minerals (rutile, tourmaline, magnesian chromite) together constitute , 1% of the SMF. Grains of plagioclase feldspar (much less than 1%) were observed only below SB 300 and are euhedral. Muscovite and heavy minerals are distributed throughout the studied interval.
The amount (weight percent) of SMF in the mudrock facies varies from 81.9 to 93.02%. Minor, high-frequency fluctuations in amount of the SMF are also evident from the SMF vs. depth plot (Fig. 5B) . The weight percent of SMF in carbonate facies varies over two orders of magnitude (0.015% to 6.69%) through the studied cycle (Fig. 5B ) (Data Archive Table 1 , see Acknowledgments section for URL). SMF abundance increases at sequence boundaries and in shallow-water facies (bioclastic grainstone, foram-algal grainstone, fusulinid packstone, bioclastic packstone) whereas it is very low in deeper-water facies (bioclastic wackestone).
The morphology of the subrounded to subangular, pitted quartz grains indicates a detrital origin whereas the very angular, vitreous quartz reflects a volcanic origin (Smyth et al. 2008) . The doubly terminated crystals of quartz in the carbonate are inferred to be authigenic on the basis of their morphology and the presence of host carbonate inclusions in the quartz grains, whereas the rounded to subangular, pitted grains are inferred to be of detrital origin. Analogous to those of the mudrock, the very angular, vitreous sand-size quartz grains are inferred to have originated as volcanic phenocrysts. The euhedral habit of the plagioclase feldspars indicates a probable authigenic origin.
GEOCHEMISTRY AND PROVENANCE OF THE SMF
The bulk-rock geochemistry of 30 carbonate and 5 mudrock samples from the study section was obtained using ICP-MS (Table 2 and Data  Archive Table 3 ). Inasmuch as weathering, sorting, diagenesis, and metamorphism all influence geochemical composition, an element immobility test was performed by plotting pairs of characteristically immobile elements (Al, Ti, Zr, Nb, and Y) (Fig. 7A , B, C). These data suggest that Ti, Zr, and Nb are relatively immobile in the mudrock and Al and Zr are relatively immobile in the carbonate facies. A plot of Al/Zr with depth ( Fig. 8B) shows that the ratio increases close to SB 300 and 200, with some variation within the sequence.
The Chemical Index of Alteration (CIA; Nesbitt and Young 1982 ) is a measure of chemical weathering expressed as a ratio of oxides 5 [Al 2 O 3 / (Al 2 O3 + CaO* + Na 2 O + K 2 O)] * 100, where CaO* represents silicatebound Ca. In this study, CaO* is calculated using the equation CaO* 5 0.35 * 2 * (wt% of Na 2 O)/62 (Honda et al. 2004 ) where plagioclase components were assumed to be of average upper continental crust (UCC) composition and Ca:Na , 1:3 (Honda et al. 2004 ). The plot of CIA with depth ( Fig. 8D ) also increases close to SB 300 and 200, with average values in the mudrock of , 75, in carbonate close to the sequence boundary , 68, and in carbonate in the middle of the sequence , 51.
Two mudrock samples were analyzed for Nd isotopes. Results show a slight difference in Nd isotopic values (with eNd -12.1 and -7.4) between the two mudrock samples in the profile (see Data Archive Table 4 ). The high CIA and high Al/Zr values of the sediments close to sequence boundaries could reflect any of the following influences: (1) long-term in situ weathering and consequent dissolution of carbonate during exposure, producing an insoluble residue, (2) influx of fresh siliciclastic allochthonous sediment that weathered in situ postdepositionally, or (3) allochthonous influx of highly Al-rich material. Within the third option FIG. 2.-Flowchart for methodology to extract silicate mineral fraction from carbonate (Sur et al. 2010). there are several possibilities: (a) influx of pre-weathered, clay-rich allochthonous sediment, (b) influx of predominantly clay minerals owing to long-distance transport and/or weak transporting winds, or (c) a combination of the above. The production of , 0.37 m of mudrock (SMF 5 81.6 to 97.6 wt %) would require , 200 m of carbonate dissolution (SMF 5 0.19 to 2.5%). Data from the Reinecke field indicate minimal exposure-related dissolution (Saller et al. 1999a) , indicating in situ weathering of carbonate as a major cause of the high CIA and Al/Zr values unlikely. Weak development of pedogenic structures, lack of horizonation, and the change of Ti/Zr ratio through the mudrock profile ( Fig. 8C ) indicate that the high CIA and Al/Zr values near sequence boundaries are a function of provenance rather than in situ weathering of fresh siliciclastic material. This interpretation is consistent with the difference in Nd isotope values (with eNd -12.1 and -7.4) between the two mudrock samples. Hence, either influx of pre-weathered, clay-rich sediment and/or influx of exclusively clay minerals related to source distance could explain the high CIA and Al/Zr values near sequence boundaries.
The geochemical composition of fine-grained rocks provides valuable provenance information (Schieber 1992; Totten et al. 2000) . Geochemical data of the average upper continental crust (UCC) and Colorado Plateau crust (CPC) (model for metasedimentary, metavolcanic, and igneous rocks of ARM basement) from Taylor and McLennan (1985) and Condie and Selverstone (1999) , respectively, were compared to the SMF geochemistry data of this study to determine mudrock provenance.
The Th/Sc ratio provides a convenient and sensitive index of bulk composition (McLennan et al. 1993) . Th is incompatible and Sc is compatible in igneous processes, so Th/Sc increases with increasing magma differentiation and is thus low for mafic sources (Taylor and McLennan 1985) . For UCC, the Th/Sc is 1 6 0.1 and the Th/Sc ratio calculated for the CPC model is 0.25. The average Th/Sc ratio for mudstone in the Reinecke Field varies from 0.59 to 0.82, and thus reflects a mixture of UCC and CPC sources. Several other types of analyses also indicate a mixed source. For example, Cr/Th vs. Th/Sc in the section show a composition similar to UCC but also suggestive of mixing between a generic UCC contribution and the regional CPC source ( Fig. 9A ; Totten et al. 2000; Raza et al. 2002) . Similarly, the Al:Ti ratio and a crossplot of Al 2 O 3 vs. TiO 2 indicate a mixed source for the mudrock ( Fig. 9B ; McLennan et al. 1979; Schieber 1992) . Finally, the Nd isotope results for one sample have an initial % ? Nd value consistent with values reported for Pennsylvanian strata of the Ouachita system (for t 5 300 Ma; Gleason et al. 1995) . The other is quite low (212.1) and likely reflects, in part, a contribution from older craton-derived sources to the north and/or west, e.g., the uplifts of the Ancestral Rocky Mountains. The mineralogy and bulk-rock geochemistry of several Permo-Pennsylvanian loessite units throughout western North America also indicate a significant contribution from Ancestral Rocky Mountains sources ; M. Soreghan et al. 2008 ).
SPECTRAL ANALYSES AND PERIODICITIES OF THE SMF RECORD
Many studies of upper Paleozoic strata have suggested a dominant Milankovitch control for high-frequency eustasy and related cyclothem development (e.g., Heckel 1986; Goldhammer et al. 1991; Yang and Kominz 1999) . Therefore spectral analysis using the multi-taper method (Thomson 1982; Berger et al. 1991 ) was employed to assess whether Milankovitch orbitally driven climatic signals may be present in the SMF record. The uncertainty in geological age always imposes the most critical challenge in accessing periodicity in the rock record (Berger et al. 1991) . The estimated duration of the studied section ranges from 133 to 1156 kyr using published age models, but this range includes significant uncertainties owing to large errors associated with dating these strata (Table 3) . This limits the use of any single age model for time-series analysis. Hence, the periodicity of SMF data was assessed using spectral analysis of SMF depth series (SMF weight percent plotted against depth) where depth-to-time conversion of statistically significant peaks was done using the calibration technique discussed below. Spectra of the carbonate r FIG. 6.-Photomicrographs of the SMF. A) SEM view of angular, clear quartz with conchoidal fracture surfaces. B) SEM view of a doubly terminated (authigenic) quartz grain. C) SEM view of a rounded and pitted sand-size quartz grain. D) SEM view of a shard-like angular detrital quartz grain. E) SEM view of a probable radiolarian. F) SEM view of a suspected dinoflagellate. G) SEM view of a doubly terminated authigenic quartz and clay in the SMF of carbonates. H) Thin-section view of a doubly terminated authigenic quartz grain with a detrital core; horizontal field of view is , 0.6 mm. I) SEM view of nucleation of authigenic quartz on a detrital quartz grain. The detrital quartz exhibits clay coating. J) Thin-section view of a doubly terminated authigenic quartz grain with a detrital core; horizontal field of view is , 0.6 mm. Arrow indicates dissolution along the edges of detrital core. section between SB 200 and 300 were computed, excluding the basal mudrock owing to the very different lithology and very high SMF values relative to the rest of the SMF dataset from the carbonate. To minimize the differential compaction effect of different depositional facies on the SMF trend, the SMF trend was decompacted using Goldhammer's (1997) decompaction algorithms (see Data Archive Table 2A and Table 2B ). However, the general trend remained the same; hence, for additional (e.g., spectral) analyses, the raw data were used in order to minimize data manipulation. The SMF record shows three distinct trends with depth ( Fig. 10A-D) , which suppressed the high-frequency peaks on the spectrum of the raw SMF record (Fig. 11) . The SMF depth series was detrended to remove these trends in order to enhance the higher-frequency components (Fig. 10E) . The spectral configuration of the raw SMF depth series is similar to that of the detrended series (Fig. 11) , suggesting that detrending did not contribute any spurious peaks but increased the power of high-frequency peaks. The peaks in the MTM spectra with elevated power are considered statistically significant when their corresponding F-test values exceed 80% (Fig. 12) .
The periods of statistically significant spectral peaks were calibrated using an iterative procedure similar to that of Yang and Lehrmann (2003) . The period of a Milankovitch cycle was assigned to a peak, and this calibration scheme then allowed calculation of periods of other peaks. The periods (Table 4) were then compared with those of Milankovitch climatic cycles of the late Paleozoic as predicted by Berger et al. (1992) . Note that, in the absence of any Milankovitch signal in the dataset, most of the significant peaks would not match with Milankovitch periods.
Four out of seven statistically significant MTM spectral peaks from the detrended SMF depth series (Fig. 12) have periods similar to those of late Paleozoic (300 Ma) Milankovitch cycles using the adapted calibration scheme. The remaining three statistically significant non-Milankovitch peaks have periodicities at 8.4 to 8.8 kyr, 10.6 to 11.2 kyr, and 59-65 kyr, respectively. The 8.4-8.8 kyr peaks may be that of the 9.7 kyr constructional tone of short-and long-precessional index cycles as detected by Yang et al. (1995) and Yang and Lehrmann (2003) in cyclic shallow platform-carbonate successions. The 10.6 to 11.2 kyr peaks are also close to the range of non-Milankovitch spectral peaks (10.8-15.4 kyr) caused by nonlinear response with combination of forcing frequencies (Berger et al. 1991) . The 59-65 kyr peak may be the , 50-80 kyr peaks as the combination tone of short and long precession index with short obliquity cycles . Berger (1977) also predicted some non-Milankovitch periodicities (e.g., 50, 54, 59, and 64 kyr) in geologic records due to the combination of two or more Milankovitch periodicities, which may be represented by the 59-65 kyr peaks in the SMF spectra.
The uncertainties in the period calibration of SMF spectral peaks against Milankovitch cycle periods may be attributable to various depositional (different sedimentation rates; Yang et al. 1995; Yang and Lehrmann 2003; Yang et al. 2004 ) and diagenetic factors (selective formation of stylolites, dolomitization, and differential compaction among carbonate facies) that could have distorted any original Milankovitch climatic signals in the SMF record. The limited length of the SMF record may prevent confident delineation of long-eccentricity cycles. Nonlinear transformation of Milankovitch climatic forcing by sedimentary processes, long-term variations of sedimentation rate, and associated sedimentary processes together with the chaotic nature of the orbital forcing may also contribute to the uncertainties in period calibration. Finally, many other autogenic and allogenic non-Milankovitch processes (e.g., volcanic input) active during the formation of the SMF record further complicates the spectral characteristics. Despite these possible complications, evolutive spectral analysis (Sur 2009 ) shows similar spectral results, which suggest that possible long-term variations in sedimentation rate and other factors do not have a significant impact on the spectral configuration and Milankovitch peaks form a robust signal in the dataset. The average sedimentation rate of the SMF record was estimated from the adapted period calibration as 3.77 cm/kyr. It is similar to the lower limit of estimated effective sedimentation rate (7 cm/kyr) of Virgilian to Wolfcampian carbonate rocks in the adjacent Eastern Shelf , and to the estimated accumulation rate of Strawn (3.3 cm/ kyr) and Cisco (1.4 cm/kyr) carbonates on the Central Basin Platform (Saller et al. 1999a ). The estimated duration of the studied sequence computed by dividing sequence thickness (23.88 m) by the average sedimentation rate is , 633 kyr. These 633 kyr cycles are longer and thicker than typical late Pennsylvanian cycles (Rasbury et al. 1998; Saller et al. 1999a ). This may reflect more rapid subsidence that prevented exposure during shorter cycles (, 100 kyr). This more rapid subsidence also results in shorter periods of subaerial exposure. The 633 kyr does not incorporate the time involved during exposure represented by the mudrock. In a study from approximately coeval strata of the upper Paleozoic Central Basin platform, Saller et al. (1999a) used the intensity of early diagenesis and porosity evolution to estimate exposure duration of 5 to 50 kyr. Similar attributes, and hence inferred intensities, prevail in the studied exposure surfaces. Using Saller's values for exposure, the estimated duration of the studied sequence is 638 to 683 kyr, which falls within the range of age models (133 to 1156 kyr; Table 3) for the studied sequence. The SMF spectral analyses, which yield (1) a dominance of statistically significant Milankovitch-related peaks, (2) a reasonable sedimentation rate, and (3) age relations that approximate published age models, suggest that the adapted calibration scheme is reasonable and Milankovitch precessional (17.4 and 20.7 kyr), obliquity (34.2 kyr), and long eccentricity (400 kyr) signals are present in the SMF record. Our calculated result is not a perfect match for the 400 kyr forcing, likely owing to the influence of non-Milankovitch complications such as sporadic volcanic input and other factors addressed above.
ORIGIN OF THE SMF
Origin of the Sequence-Bounding Mudrock time. The contemporaneous fluvio-deltaic system was present in the western (Central Basin platform) and eastern (Eastern shelf) parts of the basin, and prograded basinward (up to , 100 km, Fig. 13A , B) during lowstands to feed submarine fan systems (e.g., Cleaves 2000; Yang and Kominz 2003) . Within Horseshoe Atoll, however, lowstand intervals are recorded by exposure surfaces developed atop subtidal carbonate and the mudrock is juxtaposed between the sequence boundary and the early transgressive foram/algal grainstone. Hence, the timing of deposition of the mudrock precludes an origin via fluvio-deltaic plumes. b) Concentration of Insoluble Residue by Dissolution of Host Carbonate Rock.-As noted previously, SMF data demonstrate that the carbonate strata in the studied system are typically very pure (typical residue values are , 0.5%). Therefore, formation of the mudrock by dissolution would require geologically unreasonable amounts of limestone dissolution (nearly 200 m) and thus can be ruled out. c) Deposition by Eolian Dust (Continental and/or Volcanic Origin).-Volcanic dust: The presence of very angular, vitreous quartz, together with biotite grains in the mudrock, suggests derivation from a volcanic source (Potter et al. 2005) as noted above. Moreover, mixed felsic (predominant) and mafic (subordinate) composition of the mudrock provenance, together with the presence of coeval volcanism in the greater region (Fig. 13A, B) , notably the Las Delicias volcanic arc of northern Mexico (Lopez 1997) , is consistent with the possibility of a contribution of volcanic dust to the study section. Such a mechanism, however, would produce influxes of silicate material at random intervals; in contrast, the pattern of our SMF data appears nonrandom, and possibly periodic. Hence, volcanic dust, although present, cannot be the major component of the SMF.
Continental dust: The presence of numerous subrounded to subangular detrital quartz grains and a mean particle size of fine silt (, 6 mm), which is readily transportable by wind, suggests that windblown dust forms a major proportion of the SMF. The growing recognition of eolian dust deposits (loessite) in coeval strata of late Paleozoic western equatorial Pangea (G. Soreghan et al. 2008a and references therein) is also consistent with the above proposition.
Origin of the SMF in the Carbonate
As discussed earlier, the SMF in carbonate facies is dominated by authigenic quartz (Fig. 6G) reasons noted above, i.e., the isolation of the Horseshoe Atoll from any fluvio-deltaic input, and the trapping of siliciclastics landward during transgression.
b) Submarine Volcanism.-Submarine volcanism has never been reported from the Midland Basin, and thus is not considered a viable source for silica. c) Biogenic Source (Sponge Spicules, Radiolaria, Diatoms, Dinoflagellates).-In the analysis of . 300 carbonate samples through the study interval, representing , 15 kg of material, only three grains of biogenic silica were found (pristine radiolaria and suspected dinoflagellates; Fig. 6E, F) . No sponge spicules were observed in thin section, nor in the SMF. Furthermore, siliceous spicules, which are more characteristic of slope facies, are very rare overall in facies of the studied sequence. Moreover, the systematic trends in SMF fraction are not consistent with derivation from biogenic silica, which is otherwise absent or randomly distributed. d) Clay Diagenesis.-An allochthonous source of silica for the authigenic component could derive from transformation of smectite to illite during burial diagenesis. Although thick shales occur in the basinal facies, derivation of silica in this manner is unlikely for several reasons. Such migration of silica-rich fluids would likely exploit permeable conduits such as fractures and porous facies. Yet, authigenic quartz is distributed throughout all facies, with no lenses of authigenic quartz and no preferential occurrence in the most permeable facies (e.g., phylloidalgal boundstone facies, Saller et al. 2004) . Furthermore, systematic trends in oxygen and carbon isotope values across the sequence boundaries and their correlation across the other wells from the region (Saller 1999; Dickson and Saller 2006) are inconsistent with major migration of silica-rich fluids. The slightly higher values of 87 Sr/ 86 Sr (average 0.70837) near the mudrock of SB 300 relative to coeval marine carbonate (, 0.70830) may reflect a minor contribution from claymineral diagenesis of the mudrock above SB 300 (T. Rasbury, personal communications 2008) . However, this could not provide a major source of silica to explain the general trend of the SMF (Fig. 5B, C, D, E) , because authigenic quartz is distributed throughout the section and high enrichment also occurs close to the sequence boundary lacking associated mudrock (SB 200). Finally, clay-mineral diagenesis from clay in the carbonate facies is a very unlikely source of silica because clay generally constitutes , 0.5% of the carbonate rock.
e) Marine Upwelling.-Silica can also be supplied by marine upwelling, in that upwelling brings cold, nutrient-rich water from intermediate depths to surface depths. The multiple basins of the ARM system and islands in the Midland Basin area (Fig. 13A, B) during late Pennsylvanian time, however would have made it difficult to generate conditions favorable for upwelling (Parrish 1982) . Paleogeographic analyses indicate that modeled upwelling zones were far from regions of bioherm development (e.g., Midland Basin; Kiessling et al. 1999) . Similarly, Algeo and Heckel (2008) also argued against upwelling as a major mechanism in epeiric late Pennsylvanian seas of western and midcontinent North America owing to the paleogeographic setting and the absence of high primary productivity. Hence, upwelling as a major silica source in this area seems unlikely. f) Dissolution-Reprecipitation of Eolian-Sourced (Continental and/or Volcanic) Material.-Volcanic dust: The presence of suspected volcanic phenocrysts (of quartz) and relative proximity (, 500 km) of Horseshoe Atoll to active volcanism associated with the Ouachita-Marathon suture zone and Las Delicias volcanic arc (Lopez 1997 ) allow the possibility of volcanic dust as a source of authigenic silica. Such a source should have been random through time, however. Hence, we reason that volcanism could not have been the major source of silica in the study section because it cannot explain the observed trend of SMF enrichment preferentially near sequence boundaries.
Continental dust: Well rounded to subangular abraded, pitted, fractured sand-size quartz grains of detrital origin occur throughout the section, with the highest concentration close to sequence boundaries. Thin-section studies indicate that most of the authigenic quartz occurs as individual crystals disseminated in the carbonate matrix, but many of the larger doubly terminated quartz occurring near sequence boundaries (exposure surfaces) consistently exhibit fine to medium sand-size detrital (quartz) cores (Fig. 6H, I , J). Corrosion along grain boundaries (Fig. 6J) suggests that these grains acted as nuclei for authigenic quartz growth. If so, then the associated very fine-grained dust fraction that would have accompanied the coarser fraction, being more chemically reactive, would have served as a source for authigenic silica (Cecil 2004 ). This hypothesis is supported by the grain-size distribution histograms, which show a very fine-grained (typically , 4 mm) population present in the mudrock but missing in the carbonate (Fig. 5C, D, E) . This fine-grained background The ''granite,'' ''6 granite + 1 basalt,'' ''3 granite + 1 basalt,'' and ''basalt'' lines are plotted from McLennan et al. (1979) . For both diagrams, UCC 5 upper continental crust; CPC 5 Colorado plateau crust and UPL 5 upper Paleozoic loess. The data for UPL is taken from . dust component should have been present throughout carbonate deposition as well, so its absence merits explanation. This very finegrained, chemically reactive fraction underwent early postdepositional dissolution and reprecipitation in the alkaline marine (carbonateprecipitating) waters, producing the coarser authigenic silica that dominates the SMF fraction in the carbonate. Moreover, the inferred Milankovitch periodicities observed in the SMF data of the carbonate cannot be explained by any possible source of silica other than climatically influenced variations in eolian dust, ultimately sourced from continental dust with an occasional volcanic input.
From the above reasoning the mudrock of the study section is inferred to represent loess (eolian dust) that accumulated mainly during subaerial exposure, and was subjected to pedogenesis. The presence of scattered pyrite in the mudrock suggests marine reworking of the pedogenically modified loess during transgression (cf. Wright 1986) . Aggradational soils are common in Quaternary strata where eolian dust constitutes much of the pedogenic material (Jacobs and Mason 2007; Muhs et al. 2007 ).
PROVENANCE OF DUST AND IMPLICATIONS FOR WIND DIRECTION
As discussed previously, the geochemistry of the mudrock samples approximates both UCC and CPC compositions. Hence, depending on wind direction, possible source areas for the mudrock (and by extension, SMF) include: (1) lowstand (exposed) alluvial and/or deltaic deposits to the east, southeast, south, and southwest of the Horseshoe Atoll (Fig. 13A) , ultimately derived from metasedimentary, metavolcanic, granitic, and gneissic rocks of the Amarillo-Wichita-Arbuckle uplift Raw data (All-sized SMF) excluding mudrock above SB-300 are plotted against depth. Dashed lines mark depths with different trend patterns used to split the series into three intervals. Three regression equations are computed, B, C, D corresponding to three depth intervals B) upper interval, C) middle interval, and D) lower interval. E) The three linear trends were subtracted from respective intervals to form the detrended SMF depth series (All-sized SMF).
(part of ARM), (2) ARM uplifts to the north, northwest, and west, or (3) coeval loess deposits located to the north, northwest, and west (noted in G. Soreghan et al. 2008a) .
The presence of volcanic quartz indicates a component of direct derivation from a source of active volcanism. Active volcanism existed to the south-southwest, e.g., the Las Delicias volcanic arc of northern Mexico (Lopez 1997) , which is also considered a possible source for middle Permian ash beds of the Cherry Canyon sandstone of the Guadalupe Mountains and subsurface equivalents (Nicklen et al. 2007 ).
Therefore, it seems most likely that the volcanic components in the SMF were derived from this south-southwestern source.
During Virgilian (Gzhelian) time the Midland Basin was close to the equator (0u to 5u) (Fig. 13A, B) , and Walker et al. (1995) inferred that wind patterns were zonal easterlies. However, seasonal swinging of the ITCZ (intertropical convergence zone) could have produced variable wind directions from southeasterlies (northern summer) to northeasterlies (northern winter). Most recent studies of strata from western equatorial Pangea suggest a dominantly zonal circulation pattern during Desmoi- The frequency (0.0128 cycles/cm) marked by star is calibrated with the long precession cycle at 20.7 kyr, and all other peaks are computed based on the calibrated peak. Time periods (in kyr) corresponding to some prominent peaks are also given. Statistically significant Peaks (greater than 80% confidence level) are marked by shaded vertical lines. The spectral peaks with calibrated periods of 301-456 kyr may match with the long eccentricity (413 kyr) peak (Berger 1977) ; peaks at 36.8-43.7 and 28.5-31.5 kyr with long (42.9 kyr) and short obliquity (34.2 kyr), respectively; and peaks at 20.5-21.8 and 14.2-15.7 kyr with precessional index (20.7 and 17.4 kyr) peaks (Berger et al. 1992). nesian (middle Pennsylvanian) time and monsoonal circulation by earliest Permian time (M. . Given monsoonal circulation in western equatorial Pangea, the dominant winds would have been westerlies during northern summer and southeasterlies during northern winter (M. Soreghan et al. 2008) . In all scenarios of wind regime (zonal, transitional, and monsoonal), Horseshoe Atoll should have experienced south-southeasterlies, consistent with the provenance data and consistent with the inference of a volcanic dust input from the south and southwest. As noted above, however, provenance data suggest an additional source, possibly from the north and/or northwest.
TIMING OF DUST INFLUX AND RELATION TO CLIMATE CHANGE
From the previous discussion, variation in the amount of SMF in the study section provides an indicator of atmospheric dustiness that varied at both glacial-interglacial and higher-frequency (, 10 5 yr) scales, related to waxing and waning of ice sheets controlled, at least in part, by Milankovitch-scale cyclicity. Various studies from low latitudes of late Paleozoic North America have noted links between inferred glacioeustasy and glacial-interglacial scale climate change (Cecil 1990; Soreghan 1994a Soreghan , 1994b Rankey 1997; Olszewski and Patzkowsky 2003) . However, the timing of climate change with respect to sea level remains debated. Whereas some suggest low-latitude arid climate during glacial lowstand and humid climate during interglacial highstand (Soreghan 1994a (Soreghan , 1994b Rankey 1997; Olszewski and Patzkowsky 2003; Tramp et al. 2004; , others have inferred the opposite (Miller et al. 1996; Cecil et al. 2003) .
The position of the Horseshoe Atoll in the interior of the Midland Basin combined with rapid subsidence of the basin during Virgilian (Gzhelian) time (Waite 1993) would have allowed subaerial exposure in the study section only during the late stage of sea-level fall (Rankey 1997) . In the study section, minimal amounts of dust (SMF) occur in deeper-water carbonate facies and dust increases in shallow-water carbonate facies near sequence boundaries. This suggests that, during interglacial (highstand) phases, the climate of the source region FIG. 14.-A) Timing of dust influx with respect to relative sea level in the study interval. For simplification we considered an idealized relative sea level curve. Low 5 average dust influx value . 1 to , 3 times of average minimum value; Moderately high 5 average dust influx value . 3 to , 10 times of average minimum value; High 5 average dust influx value . 10 to , 1000 times of average minimum value; Maximum 5 average dust influx value up to 1000 times average minimum value. B) Schematic of mudrock and carbonate deposition during various eustatic phases. experienced more humid conditions, enabling chemical weathering of the source material and lower dust influx to the study area. Arid conditions and expansion of regions of eolian deflation during sea-level fall and ensuing glacial lowstands likely allowed mobilization of weathered material (dust) present from the previous interglacial, as indicated by high CIA and high Al/Zr values near sequence boundaries. The high amount of SMF (inferred dust) recorded by the presence of the mudrock at lowstands could also reflect the lack of carbonate deposition during lowstands, and consequent lack of dilution of the dust by carbonate accumulation, especially if the mudrock represents a long-duration interval. However, this alone cannot explain the SMF data, in part because the SMF (dust) content in the shallow-water carbonate facies immediately below the sequence boundary also exhibits large (one to two orders of magnitude) increases relative to the deeper-water facies (Fig. 5B) . These increases are much greater than possible variations in effective carbonate sedimentation rate (one order of magnitude; Yang and Kominz 1999) , and in fact oppose trends expected from changes in sedimentation rate alone, owing to the greater sedimentation rates in shallow-water facies. Hence, even after considering the possible effects of changes in sedimentation rate, the increase in SMF content cannot be explained without calling upon increased delivery of dust to the system at sea-level fall and lowstand. Thus greater aridity and dust availability is inferred during sea-level fall and lowstand (and early transgression), which corresponds in general to the glacial phase ( Fig. 14A, B ; Table 5 ).
These results are similar to fluctuations in atmospheric dust inferred from the Quaternary ice-core record (Petit et al. 1999; Lambert et al. 2008) . As noted earlier, dust flux was 2 to 20 times higher than the Holocene during the Last Glacial Maximum (LGM; 20 ka). To compare the dust influx in the studied section with the LGM, we estimated the mass accumulation rate (MAR; Rea and Janecek 1981) of the dust component in the carbonate assuming a linear sedimentation rate (LSR) of 3.77 cm/kyr (estimated from spectral analysis for the carbonate) and a density of 2.65 g/cm 3 (see Data Repository for SMF MAR calculations). Initial porosities for the various carbonate facies are taken from Goldhammer (1997; Data Archive Table 2B ). Estimated MAR in the carbonate just below the exposure surface indicates that dust flux was typically 4 to 10 times higher during sea-level fall relative to interglacial time. This in turn suggests that dust flux was at least 4 to 10 times higher during the shift to glacial time relative to interglacial time. Similarly, we estimated MAR of the SMF for the mudrock assuming a linear sedimentation rate between 26.9 cm/kyr (assuming 5 kyr duration for deposition, and a decompacted thickness of 134.7 cm; Goldhammer 1997) to 2.69 cm/kyr (assuming 50 kyr duration for deposition, and a decompacted thickness of 134.7 cm; Goldhammer 1997), density of 2.69 g/cm 3 and 75% initial porosity (cf. Potter et al. 2005) . The resultant MAR values range from 15.8 (for 5 kyr) to 1.58 g/cm 2 /kyr (for 50 kyr) and suggest a glacial-phase increase in dust flux of nearly 400 to 4000 (422 to 4226) times relative to interglacial, exceeding dust fluxes estimated for the LGM by over two orders of magnitude (see references above). These estimated dust MAR values fall within ranges of values reported for modern and LGM times for various regions proximal and distal to dustproducing regions (Table 6 ). The character of the sequence-bounding pedogenesis, marked by minor pedogenic carbonate (within the mudrock) and lack of evidence for significant dissolution (karstification) support the inference of increased aridity at lowstand, although the vertic features in the pedogenically modified loess (Sur 2009 ) suggest some seasonality of climate in the overall drier glacial climate. The glacial-interglacial and higher-frequency (, 10 5 yr) variations in dust influx, recorded in our data and elsewhere from late Paleozoic equatorial Pangea, likely would have had significant effects on radiative forcing and biogeochemical cycles and thus on the climate system G. Soreghan et al. 2008a; G. Soreghan et al. 2008b; Sur 2009 ), a hypothesis that merits further testing.
CONCLUSIONS
(1) The silicate mineral fraction (SMF) extracted from carbonate rocks that formed isolated from fluvio-deltaic input can, in some cases, be used as a proxy for influx of atmospheric dust, which is an indicator of various climatic parameters, e.g., aridity, source area, atmospheric circulation, and atmospheric dustiness. Chert is essentially absent from the studied carbonate; in contrast, authigenic silica in the form of predominantly silt-size doubly terminated prisms is common, but it can be shown to have been sourced from ultrafine-grained, highly reactive dust. (2) In the study area, considerable (. 10 2 times) variation in weight percent of the SMF in the carbonate interval alone exceeds maximum possible variations in carbonate accumulation rate, and is inferred to reflect changes in dust flux. Spectral analyses of the ''dust'' signal through the carbonate suggest that dust influx was controlled, at least in part, by precession, obliquity, and short eccentricity influences on climate, whereas the glacial-interglacial-scale variation was probably controlled by long-eccentricity variations. (3) Provenance data suggest that dust in the studied section was ultimately derived from uplifts of the Ancestral Rocky Mountains in the north and northwest with a possible minor contribution from active volcanic centers located to the south and southwest. (4) Estimated mass accumulation rate (MAR) in highstand carbonate facies (full interglacial) relative to carbonate facies that formed at sealevel fall (interglacial-to-glacial transition) suggest that dust flux increased by 4 to 10 times accompanying the transition to glacial conditions. Estimated dust accumulation rates in the mudrock, which accumulated at lowstand (full glacial) to incipient transgression (glacialto-interglacial transition), suggest glacial-phase increases in dust flux of nearly 400 to 4000 times relative to full interglacial conditions. Such increases in dust flux exceed maximums estimated for the LGM by over two orders of magnitude, implying much dustier conditions for the late Pennsylvanian glacial tropics relative to the recent. (5) These results indicate that dust influx and thus atmospheric dustiness peaked at lowstand and early transgressive phases (glacial to incipient interglacial stages) and was lowest during late transgression to highstand time (interglacial). This increased dustiness at glacials could reflect a variety of climate-related factors, including stronger winds and aridity, decreased vegetation, and expansion of dust-sourcing regions, similar to inferences for the LGM, but of a magnitude much greater than the LGM. If valid, this increased dust, and associated iron loading, would have likely produced significant repercussions through the climate system, via influences on radiative forcing and biogeochemical cycling, and thus merits further study.
